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Definition of common carotid wall
thickness affects risk classification in
relation to degree of internal carotid artery
stenosis: the Plaque At RISK (PARISK) study
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Abstract
Background: Mean or maximal intima-media thickness (IMT) is commonly used as surrogate endpoint in intervention
studies. However, the effect of normalization by surrounding or median IMT or by diameter is unknown. In addition, it is
unclear whether IMT inhomogeneity is a useful predictor beyond common wall parameters like maximal wall thickness,
either absolute or normalized to IMT or lumen size. We investigated the interrelationship of common carotid
artery (CCA) thickness parameters and their association with the ipsilateral internal carotid artery (ICA) stenosis degree.
Methods: CCA thickness parameters were extracted by edge detection applied to ultrasound B-mode recordings of
240 patients. Degree of ICA stenosis was determined from CT angiography.
Results: Normalization of maximal CCA wall thickness to median IMT leads to large variations. Higher CCA thickness
parameter values are associated with a higher degree of ipsilateral ICA stenosis (p < 0.001), though IMT inhomogeneity
does not provide extra information. When the ratio of wall thickness and diameter instead of absolute maximal wall
thickness is used as risk marker for having moderate ipsilateral ICA stenosis (>50%), 55 arteries (15%) are reclassified to
another risk category.
Conclusions: It is more reasonable to normalize maximal wall thickness to end-diastolic diameter rather than to IMT,
affecting risk classification and suggesting modification of the Mannheim criteria.
Trial registration: Clinical trials.gov NCT01208025.
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Background
An irregular intima-media thickness (IMT) of the com-
mon carotid artery (CCA) is indicative for atherosclerotic
burden [1, 2] and hence, might be a useful predictor in
risk assessment. In a vascular diseased patient population
CCA-IMT irregularity is associated with nearby athero-
sclerosis [2]. Furthermore, in symptomatic patients high
CCA-IMT irregularity is associated with a higher degree
of stenosis of distal plaques [1] and is more prominent in
symptomatic than in asymptomatic subjects [3].
However, as previously discussed by Bots et al. [4], it
remains unclear whether IMT irregularity itself is a use-
ful predictor in addition to maximal IMT. It has been
shown that after adjustment for coronary risk factors the
combined IMT irregularity of CCA, bulb and internal
carotid artery (ICA) is a more accurate predictor for cor-
onary artery disease than mean and maximum IMT [5].
But, for patients with cerebrovascular disease and ICA
stenosis it is still unknown.
CCA-IMT progression is commonly used as surrogate
endpoint for cardiovascular risk for evaluating drug ther-
apy in interventional studies [6–9]. However, CCA-IMT
is affected by the dynamic range and frequency band-
width of the ultrasound system employed [10], while
* Correspondence: werner.mess@mumc.nl
5Clinical Neurophysiology, Maastricht University Medical Center, PO Box
58006202 Maastricht, AZ, The Netherlands
Full list of author information is available at the end of the article
© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
Steinbuch et al. Cardiovascular Ultrasound  (2017) 15:9 
DOI 10.1186/s12947-017-0097-4
for an elderly subject population image quality is
generally poorer than for young healthy subjects. As
a consequence the observed IMT distribution is sub-
ject to large relative errors. Moreover, CCA-IMT mea-
sures vary across studies [11], e.g., mean or maximal
CCA-IMT with or without CCA plaque. According to
the Mannheim consensus [12], plaques are defined as
having a wall thickness 1) extending more than 500 μm
into the lumen, 2) and higher than 50% of surrounding
IMT and/or 3) higher than 1500 μm. Therefore, the
Mannheim criteria use absolute maximal wall thickness
(criterion 3) or wall thickness normalized to surrounding
IMT (criterion 2) or a combination of both (criterion 1).
Because IMT values are slightly higher than the ultra-
sound resolution (about 0.3 mm for commonly used
ultrasound systems), normalization of maximum wall
thickness with respect to the surrounding IMT (criterion
2) will introduce wide variations. Considering the inter-
relationship between wall thickness and artery diameter
according to the Lamé’s equation [13, 14] and the wider
range in CCA diameter (6–9 mm) in a healthy popula-
tion [15], it seems physiologically more reasonable to
normalize absolute maximal wall thickness by diameter.
Using local wall thickness normalized to either IMT (i.e.,
thickness-to-IMT ratio) or diameter (i.e., thickness-to-
diameter ratio) instead of the CCA-IMT as surrogate
endpoint may affect the interpretation of drug therapy
results. In addition, normalized wall thickness may lead to
reclassification of CCAs towards another risk category,
e.g. risk of having more than 50% degree of ICA stenosis.
This study analyses the baseline results of a 2-year
follow-up PARISK study in which the association be-
tween CCA wall parameters and risk of plaque rupture
will be investigated [16]. As a first step, we will investi-
gate the interrelationship of CCA-IMT parameters and
their association with the degree of ipsilateral ICA sten-
osis. More specifically, we will investigate in a large
group of symptomatic subjects 1) the relevance of abso-
lute and normalized maximal wall thickness with or
without CCA plaques, 2) their relation with CCA-IMT
inhomogeneity and 3) the association between absolute
wall thickness, thickness-to-diameter ratio, thickness-to-
IMT ratio, CCA plaques and CCA-IMT inhomogeneity
with the degree of ipsilateral ICA stenosis.
Methods
Study subjects
240 patients with mild-to-moderate ICA stenosis (<70%
according to the NASCET criteria) and recent ischemic
stroke, transient ischemic attack or amaurosis fugax, were
included in the Plaque At RISK (PARISK) study (clinical
trials.gov NCT01208025), an ongoing multicenter cohort
study with 2-year follow-up. Details of the study were pre-
viously described [16]. The study was approved by the
Medical Ethics Committees of the participating centers
and all patients gave written informed consent. Currently,
only baseline observations are available.
Data acquisition
Longitudinal ultrasound B-mode recordings (40 mm
width, 5 s, 37 fps) of both CCAs were acquired in dupli-
cate of 233 patients at anterolateral and posterolateral
angles with a Philips iU22 scanner (Philips Medical Sys-
tems, Bothell, USA) using different probes (17–5, 12–5
or 9–3 MHz) depending on the CCA depth. The distal
end of the recorded CCA segment was located 1–2 cm
proximal to the flow divider. During ultrasound record-
ings, patients lay in supine position with their head slightly
tilted to the opposite side. Due to contra-indications (low
renal clearance (<60 ml/min) or allergy to CT contrast
media), only 201 patients were subjected to multidetector
computed tomography angiography (MDCTA).
Echo edge detection
Wall thickness was extracted at end-diastole by edge de-
tection of B-mode images with dedicated software devel-
oped by Maastricht University Medical Center (MUMC,
Maastricht, The Netherlands) [17] by a trained observer
blinded to the MDCTA results. The intra-subject pre-
cision of the adopted software for absolute IMT of an
artery segment, i.e. the standard deviation of differ-
ences between duplicate recordings and their aver-
age, is on average 99 μm [1]. The maximum variation
of IMT expected due to the ultrasound depth reso-
lution is 150 μm [1]. For each B-mode frame, automatic
wall detection of the media-adventitia transition at the
anterior and posterior wall was performed for half-
overlapping segments (width 3.7 mm) using a threshold
of 65% (or half of the difference between this threshold
and the maximum, i.e., 83%, in case of an echogenic
lumen-intima boundary) of the maximal grey value of
the adventitia segment [1]. The local diameter was
defined as the local difference along the ultrasound
beam between anterior and posterior media-adventitia
transitions.
The diameter waveforms, as extracted by edge detec-
tion, were smoothed over time (0.2 s filter span) with a
2nd order zero-phase Savitsky-Golay filter. After dis-
carding the end-segments, the mean diameter waveform
was calculated and the end-diastolic frames identified.
At those frames, the lumen-intima transition along the
posterior wall was identified, based on the maximum of
the first derivative of the echo amplitude, and corrected
manually when necessary [1]. The spatial IMT distribu-
tion was obtained as the differences along the ultra-
sound beam between the posterior lumen-intima and
media-adventitia transitions over the artery segment.
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Absolute and normalized maximal wall thickness
For each end-diastolic image, the diameter and IMT
were obtained as the spatial median while the maximal
wall thickness as spatial maximum, and averaged (me-
dian) over all available heart beats (on average 5). Ab-
solute maximal wall thickness was normalized to the
median end-diastolic diameter, defined as thickness-to-
diameter ratio, and to the median IMT, defined as
thickness-to-IMT ratio. All parameters were averaged
(median) over all ipsilateral recordings.
IMT inhomogeneity
Absolute IMT inhomogeneity was defined as the standard
deviation of the IMT over the artery segment and aver-
aged (median) over available heart beats and all ipsilateral
recordings (anterolateral, posterolateral, duplicate). IMT
inhomogeneity was also normalized to the local end-
diastolic diameter, i.e., relative IMT inhomogeneity.
Degree of ICA stenosis
MDCTA images were analyzed with dedicated 3D analysis
software (Leonardo and syngo.via; Siemens, Erlangen,
Germany). Degree of stenosis in both carotid arteries
(bifurcation or ICA), based on the European Carotid
Surgery Trial criteria [18], was manually assessed perpen-
dicularly to the central lumen line by a trained observer.
Statistical analysis
To compare the maximal wall thickness parameters, the
parameters were transformed to a normal z-score distri-
bution using the expression (value-mean)/SD. The mean
and standard deviation (SD), used as reference in this
equation, were derived for CCA arteries without plaques
according to the Mannheim criteria. To compare max-
imal wall thickness parameters with IMT inhomogeneity,
correlation coefficients were calculated.
Optimal cut-offs for absolute maximal wall thickness,
thickness-to-diameter ratio and thickness-to-IMT ratio
for the presence of a >50% ipsilateral stenosis were de-
rived from ROC curves. The optimal cut-off follows
from the shortest distance towards the upper left corner
of the ROC curve. In addition, a Student t-test was
used to assess the difference in degree of ICA sten-
osis for ipsilateral CCA arteries with low and high
wall thickness parameters.
To establish the risk for having more than 50% degree
of ipsilateral ICA stenosis, the CCAs were divided into
low and high absolute maximal wall thickness, thickness-
to-diameter ratio and thickness-to-IMT ratio according to
the ROC defined cut-offs. Since the variation in IMT due
to the ultrasound depth resolution (conservatively esti-
mated at 300 μm) is about 150 μm, i.e. 2% for an end-
diastolic diameter of 7.5 mm, the cut-off level for relative
IMT inhomogeneity was tentatively set at 2% [1]. To
investigate the effect of wall thickness parameters as risk
markers on the defined risk categories, reclassification of
arteries was defined as the number of CCAs that switched
to another risk category, using either the maximal wall
thickness parameters instead of the Mannheim criteria or
thickness-to-diameter ratio instead of absolute maximal
wall thickness. Values are quantified as mean ± SD. Signifi-
cance level was set at p < 0.05.
Results
In total, 197 patients received an MDCTA as well as an
ultrasound examination. Five patients were excluded due
to insufficient quality of MDCTA (N = 2) or due to failure
to have an ultrasound registration of both CCAs (N = 3).
In addition, patients with an ICA occlusion or stent
(N = 3) were excluded, leading to 189 included pa-
tients (371 CCAs; mean age 68 ± 9 years). Patient
characteristics are shown in Table 1. Prior to the study
we estimated the B-mode depth resolution both from
the spatial speckle frequency (ensemble average power
spectral density across image) and from the width at
half-maximum of distinct lumen-intima echoes (aver-
age of 10 independent observations) at 264 and 267
um, respectively.
Absolute and normalized maximal wall thickness
Figure 1 contains a boxplot of absolute and normalized
maximal wall thickness, expressed as normal z-scores.
CCA arteries with plaques (N = 140) according to the
Mannheim criteria clearly have a higher absolute maximal
wall thickness, thickness-to-diameter ratio and thickness-
to-IMT ratio than CCAs without plaques (N = 231; mean
difference 5, 5 and 4, respectively, Student t-test p-value
<0.001). The values of the thickness-to-IMT ratio of CCAs
with plaques are spread over a wider range than the other
wall thickness parameters (Fig. 1) due to resolution related
Table 1 Patient characteristics. Data are presented as mean ± SD
(range or number of patients)
Number 189 -
Age 68 ± 9 (39–88) years
Male 73 (N = 138) %
BMI 27 ± 4 (17–43) kg/m2
Systolic blood pressure 140 ± 19 (97–210) mmHg
Diastolic blood pressure 79 ± 9 (54–105) mmHg
Pulse pressure 61 ± 16 (27–117) mmHg
Stroke / TIA/ amaurosis fugax 46/42/12 (N = 87/80/22) %
Current smoking 23 (N = 43) %
Diabetes Mellitus 21 (N = 41) %
Hypercholesterolemia 57 (N = 107) %
Hypertension 59 (N = 111) %
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variations. Therefore, thickness-to-IMT ratio is not consid-
ered for correlation with IMT inhomogeneity.
Maximal wall thickness and IMT inhomogeneity
Absolute maximal wall thickness is strongly correlated with
absolute IMT inhomogeneity (R = 0.76, Fig. 2). In addition,
maximal thickness-to-diameter ratio is also strongly associ-
ated with relative IMT inhomogeneity (R = 0.73, Fig. 2).
Maximal wall thickness and degree of ipsilateral ICA stenosis
ROC curves of absolute and normalized maximal wall
thickness for detecting an ipsilateral ICA stenosis
greater than 50% are shown in Fig. 3. Optimal cut-offs
for absolute maximal wall thickness, thickness-to-
diameter ratio and thickness-to-IMT ratio are 1277 μm,
17% and 129%, respectively. When only the side with
the highest ICA plaque is considered, optimal cut-
offs are 1191 μm, 16 and 124%, respectively.
Fig. 1 Absolute maximal wall thickness, thickness-to-diameter ratio and thickness-to-IMT ratio of the CCA as function of the presence of CCA plaque.
Values are presented as normal z-scores, based on the mean and SD of the thickness parameters for arteries without CCA plaques. Arteries with CCA
plaques clearly have a significantly larger wall thickness. Normalized thickness-to-IMT has a wider distribution than maximal wall thickness and
thickness-to-diameter ratio
Fig. 2 Absolute maximal wall thickness as function of absolute IMT inhomogeneity (left) and thickness-to-diameter ratio as function of relative
IMT inhomogeneity (right). A strong correlation exists between absolute maximal wall thickness and absolute IMT inhomogeneity (R = 0.76) and
between thickness-to-diameter ratio and relative IMT inhomogeneity (R = 0.73)
Steinbuch et al. Cardiovascular Ultrasound  (2017) 15:9 Page 4 of 8
Risk stratification
Arteries were divided into two risk categories according
to the ROC defined cut-offs for an ICA stenosis (see
above). When thickness-to-IMT ratio instead of Mann-
heim criteria is used as risk marker, a large number of
arteries (Table 2, N = 95, 26%) are reclassified to another
risk category. Moreover, thickness-to-diameter ratio re-
classifies 53 arteries (14%), whereas absolute maximal
wall thickness reclassifies 56 arteries (15%). Since
thickness-to-IMT ratio is more prone to resolution re-
lated variations (Fig. 1), only absolute maximal wall
thickness and thickness-to-diameter ratio are considered
for further analyses.
Patients with absolute maximal wall thickness below
1277 μm have a wide range of degree of ipsilateral ICA
stenosis (N = 174), whereas patients with absolute wall
thickness above 1277 μm (N = 197) exhibit a higher de-
gree of ICA stenosis (Fig. 4). Both absolute maximal wall
thickness and thickness-to-diameter ratio above cut-off
values are associated with a higher ipsilateral stenosis
degree (Tables 3 and 4, 52 ± 15% and 52 ± 16%, respect-
ively) than below the cut-off values (mean difference 8%
and 7%, Student t-test p-value <0.001). This association
remains borderline significant after excluding patients
with CCA plaques (Tables 3 and 4, mean difference 7%
and 5%, Student t-test p-value 0.02 and 0.15 respectively).
Moreover, similar trends are seen when only the side
with the highest ICA plaque is considered (Tables 3 and
4). In addition, CCAs with a plaque (N = 140) exhibit a
stronger association with a higher distal stenosis degree
than arteries without a plaque (N = 231; 52 ± 15% and 46
± 19%, respectively, mean difference 7%, Student t-test
p-value < 0.001). When thickness-to-diameter ratio instead
of absolute maximal wall thickness is used as risk marker
for having more than ipsilateral 50% degree of ICA sten-
osis, 55 CCAs (15%) are reclassified towards the other risk
category (of which N = 20 towards a higher category).
IMT inhomogeneity and degree of ipsilateral ICA stenosis
Arteries with a relative IMT inhomogeneity above 2%
(N = 81) are associated with a higher degree of ipsilat-
eral ICA stenosis (53 ± 11%) than arteries (N = 290) with
a relative IMT inhomogeneity below 2% (mean differ-
ence 6%, Student t-test p-value <0.001).
Discussion
We evaluated the absolute and normalized maximal wall
thickness and CCA-IMT inhomogeneity in patients with
a recent cerebrovascular accident and mild-to-moderate
ICA stenosis. Normalization by median IMT leads to
large variations. Absolute maximal wall thickness and
thickness-to-diameter ratio are strongly correlated with
absolute and relative IMT inhomogeneity, respectively.
IMT inhomogeneity does not provide extra information
on top of absolute maximal wall thickness or thickness-
to-diameter ratio in relation to the degree of ipsilateral
ICA stenosis. Mainly CCA plaques are strongly associ-
ated with a higher degree of ipsilateral ICA stenosis.
Although a similar trend is seen for both absolute
Fig. 3 ROC curve for absolute maximal wall thickness (black line),
thickness-to-diameter ratio (grey line) and thickness-to-IMT ratio (dotted
line) for determination of a >50% ipsilateral ICA stenosis. Optimal cut-
off values with the shortest distance (0.60, 0.61 and 0.64, respectively)
towards the left upper corner are 1277 μm for absolute maximal wall
thickness, 17% for thickness-to-diameter ratio and 129% for
thickness-to-IMT ratio
Table 2 Number of arteries with low or high maximal wall thickness parameters, stratified according to CCA plaque presence
(Mannheim criteria). Using maximal wall thickness parameters as risk markers instead of Mannheim criteria results in reclassification
of subjects towards another risk category. For example, the thickness-to-IMT ratio (right columns) reclassifies 70 and 25 subjects towards
a higher and lower risk category, respectively, in total 26%
CCA plaque Absolute maximal wall thickness Thickness-to-diameter ratio Thickness-to-IMT ratio
<1277 μm >1277 μm <17% >17% <129% >129%
No 176 55 185 46 161 70
Yes 1 139 7 133 25 115
Total 177 194 192 179 186 185
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maximal wall thickness and thickness-to-diameter ratio,
15% of CCAs are reclassified when thickness-to-diameter
ratio instead of absolute maximal wall thickness is used as
risk marker for a >50% ipsilateral ICA stenosis.
Maximal wall thickness is normalized by the median
end-diastolic diameter as well as the median IMT. As
expected, patients with CCA plaques have a significantly
higher absolute and normalized maximal wall thickness
(p < 0.001). Normalization by the median IMT leads to
similar values for arteries without CCA plaques, whereas
a large variation is found for CCA arteries with large
plaques (Fig. 1).
Risk stratification
Optimal cut-offs for absolute and normalized maximal
wall thickness are derived from ROC curves for a >50%
ipsilateral ICA stenosis (Fig. 3). We have chosen those
plaques since the smaller plaques in the curved carotid
bulb hardly induce hemodynamic changes [19, 20]. 96
CCAs (Table 2; 26%) are reclassified towards another
risk category when thickness-to-IMT ratio rather than
the Mannheim criteria are used as a risk marker for a
>50% ipsilateral ICA stenosis. Since observed IMT values
are generally noisy because they are slightly higher than
the ultrasound depth resolution, normalization of max-
imum wall thickness with respect to median IMT will
introduce wide variations. Therefore, it is questionable
whether the Mannheim criterion [12], defining a plaque if
the maximum thickness is 50% greater than the surround-
ing IMT, is consistent. Moreover, “surrounding IMT” is
quite arbitrary (where does a plaque begin or end); that is
why we decided to normalize the maximum thickness by
the median IMT.
For the risk stratification of individual patients an opti-
mal cut-off is needed. Although maximal wall thickness
and thickness-to-diameter ratio show similar associations
with the degree of ipsilateral ICA stenosis (Table 3 and 4),
55 arteries (15%) are reclassified when thickness-to-
diameter ratio instead of absolute maximal wall thickness
is used as risk marker for a >50% ipsilateral ICA sten-
osis. Alternately, an age dependent cut-off for abso-
lute maximal wall thickness may be considered to
correct for differences in CCA diameter [15, 21]. How-
ever, our population has a wide diameter distribution
(8083 ± 1048 μm; range 5769–11702 μm), which cannot
be explained by age differences only (68 ± 9 years; range
39–88 years). Since the vessel diameter depends on
subject size, and diameter and wall thickness are inter-
related via the Lamé’s equation [13, 14], it seems
more reasonable to use normalized rather than abso-
lute maximal wall thickness values.
Fig. 4 Absolute maximal wall thickness of the CCA as function of
degree of ipsilateral ICA stenosis. Patients with absolute maximal wall
thickness below the ROC defined cut-off (dashed line) have a wide range
of plaque sizes whereas patients with absolute maximal wall thickness
above the ROC defined cut-off have larger degree of ICA stenosis
Table 3 ICA stenosis degree according to the ipsilateral absolute
maximal wall thickness cut-off for ICA stenosis at either side or for
the largest ICA stenosis. Data are presented as mean ± SD. A high
absolute maximal wall thickness is indicative for a higher degree
of ipsilateral ICA stenosis
ICA Plaque N ICAs CCA plaque Cut-off ICA stenosis p-value
Either side 174 yes/no <1277 μm 44 ± 20% <0.001
197 >1277 μm 52 ± 15%
173 no <1277 μm 44 ± 20% 0.02
58 >1277 μm 51 ± 16%
Largest 64 yes/no <1191 μm 55 ± 14% 0.006
121 >1191 μm 60 ± 11%
64 no <1191 μm 55 ± 14% 0.04
54 >1191 μm 60 ± 12%
Table 4 ICA stenosis degree according to the ipsilateral thickness-
to-diameter ratio cut-off for ICA stenosis at either side or for the
largest ICA stenosis. Data are presented as mean ± SD. A high
thickness-to-diameter ratio is indicative for a higher degree
of ipsilateral ICA stenosis
ICA plaque N ICAs CCA plaque Cut-off ICA stenosis p-value
Either side 192 yes/no <17% 45 ± 19% <0.001
179 >17% 52 ± 16%
185 no <17% 45 ± 19% 0.15
46 >17% 50 ± 18%
Largest 91 yes/no <16% 56 ± 13% 0.03
94 >16% 61 ± 12%
90 no <16% 56 ± 13% 0.3
23 >16% 58 ± 12%
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Wall thickness parameters and ipsilateral stenosis degree
High relative IMT inhomogeneity and high thickness-to-
diameter ratio are both associated with a higher degree
of ICA stenosis (mean difference 6% and 7%, respect-
ively, Student t-test p-value < 0.001). Since we look at
local CCA features, the current p-value is lower than
observed when the average relative IMT inhomogeneity
of both CCAs is considered [1]. Because maximal wall
thickness and thickness-to-diameter ratio are highly cor-
related with absolute and relative IMT inhomogeneity
(Fig. 2) and similar trends are observed in relation to de-
gree of stenosis, absolute or relative IMT inhomogeneity
does not provide extra information on top of maximal
wall thickness or thickness-to-diameter ratio. Mainly the
presence of a CCA plaque dominates the association
with a higher degree of ICA stenosis (mean difference
7%, Student t-test p-value < 0.001).
Plaques and wall thickness
Almost all CCAs with plaques according to the Mann-
heim consensus have a high maximal wall thickness and
thickness-to-diameter ratio according to the cut-off de-
rived with the ROC. Our population has a high inci-
dence of CCA plaques (140 of 371 arteries; 38%). The
presence of CCA plaques is rare in a healthy population,
male 6% and female 3% [22], and is more prevalent (22%)
in older subjects (>65 years) [23]. The relatively high inci-
dence of CCA plaques in our population is attributable to
the fact that subjects exhibited cerebrovascular symptoms
and, therefore, belong to a diseased population.
It is questionable whether IMT and plaque formation
are driven by the same process. IMT is strongly associ-
ated with hypertension and age [24] and is inheritable
[25–27]. However, the heritability of plaque is less strong
[27] and attributed to various genes [27–29]. Further-
more, since the intima thickness is approximately only
0.02 mm [30], IMT is mainly affected by hypertensive
medial hypertrophy [31] whereas atherosclerosis is an
inflammatory process where plaque formation starts
with pathological intimal thickening and lesions contain-
ing lipid pools [32]. Therefore, IMT and plaque for-
mation are likely different phenotypes [33–35]. Our
study shows that the association between ICA stenosis
and ipsilateral CCA plaques is highly significant
(Table 3), which is in line with the concept of athero-
sclerosis as a more widespread instead of a focal disease,
prompting a global rather than a focused vascular exam-
ination. Whether elevated CCA wall parameters are
present before development of an ICA stenosis cannot
be established in our study.
Conclusion
In conclusion, to evaluate wall thickness it is more rea-
sonable to normalize maximal wall thickness by end-
diastolic diameter rather than by IMT, suggesting a
modification of the Mannheim criteria. Absolute or
relative IMT inhomogeneity does not provide extra in-
formation on top of maximal wall thickness or
thickness-to-diameter ratio. Mainly CCA plaques are
strongly associated with a higher degree of ipsilateral
ICA stenosis. Although a similar trend is seen for both
absolute maximal wall thickness and thickness-to-diam-
eter ratio, 55 arteries (15%) are reclassified when
thickness-to-diameter ratio instead of absolute maximal
wall thickness is used as risk marker for a >50% ICA sten-
osis. Whether this reclassification is clinically important
and relative IMT inhomogeneity and thickness-to-
diameter ratio have predictive value for plaque progres-
sion and cerebrovascular events will be evaluated in the
follow-up phase of the PARISK study.
Abbreviations
CCA: Common carotid artery; CT: Computed tomography; ICA: Internal carotid
artery; IMT: Intima-media thickness; MDCTA: Multidetector computed tomography
angiography; MUMC: Maastricht University Medical Center; PARISK: Plaque At




This research was performed within the framework of the Center for
Translational Molecular Medicine (www.ctmm.nl), project PARISK (Plaque At RISK;
grant 01C-202) and supported by the Dutch Heart Foundation.
Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.
Authors' contributions
AD, FS, MT, JH, PN and AL made substantial contributions to patient inclusion,
AH and JS to algorithm development, JS and AD to data analysis and JS, AH,
EH and WM to data interpretation. All authors have contributed to the
manuscript and have read and approved the submission of the manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The study was approved by the Medical Ethics Committees of the participating
centers (Maastricht University Medical Center, Erasmus Medical Center, University
Medical Center Utrecht and Amsterdam Medical Center). All patients gave written
informed consent.
Author details
1Biomedical Engineering, Cardiovascular Research Institute Maastricht,
Maastricht University, Maastricht, The Netherlands. 2Radiology, Erasmus
Medical Center, Rotterdam, The Netherlands. 3Neurology, Erasmus Medical
Center, Rotterdam, The Netherlands. 4Radiology, Maastricht University
Medical Center, Maastricht, The Netherlands. 5Clinical Neurophysiology,
Maastricht University Medical Center, PO Box 58006202 Maastricht, AZ, The
Netherlands. 6Neurology, Maastricht University Medical Center, Maastricht,
The Netherlands. 7Radiology, University Medical Center Utrecht, Utrecht, The
Netherlands. 8Neurology, Academic Medical Center, Amsterdam, The
Netherlands.
Steinbuch et al. Cardiovascular Ultrasound  (2017) 15:9 Page 7 of 8
Received: 12 November 2016 Accepted: 23 February 2017
References
1. Steinbuch J, van Dijk AC, Schreuder FH, Truijman MT, de Rotte AA,
Nederkoorn PJ, van der Lugt A, Hermeling E, Hoeks AP, Mess WH. High
Spatial Inhomogeneity in the Intima-Media Thickness of the Common
Carotid Artery is Associated with a Larger Degree of Stenosis in the Internal
Carotid Artery: The PARISK Study. Ultraschall in der Medizin 2016. doi:10.
1055/s-0042-112220.
2. Graf IM, Schreuder FH, Hameleers JM, Mess WH, Reneman RS, Hoeks AP.
Wall irregularity rather than intima-media thickness is associated with
nearby atherosclerosis. Ultrasound Med Biol. 2009;35(6):955–61.
3. Saba L, Meiburger KM, Molinari F, Ledda G, Anzidei M, Acharya UR, Zeng G,
Shafique S, Nicolaides A, Suri JS. Carotid IMT variability (IMTV) and its validation
in symptomatic versus asymptomatic Italian population: can this be a useful
index for studying symptomaticity? Echocardiography. 2012;29(9):1111–9.
4. Bots ML, den Ruijter HM. Variability in the intima-media thickness measurement
as marker for cardiovascular risk? Not quite settled yet. Cardiovasc Diagn Ther.
2012;2(1):3–5.
5. Ishizu T, Ishimitsu T, Kamiya H, Seo Y, Moriyama N, Obara K, Watanabe S,
Yamaguchi I. The correlation of irregularities in carotid arterial intima-media
thickness with coronary artery disease. Heart Vessel. 2002;17(1):1–6.
6. Davidson MH, Rosenson RS, Maki KC, Nicholls SJ, Ballantyne CM, Mazzone T,
Carlson DM, Williams LA, Kelly MT, Camp HS, et al. Effects of fenofibric acid
on carotid intima-media thickness in patients with mixed dyslipidemia on
atorvastatin therapy: randomized, placebo-controlled study (FIRST). Arterioscler
Thromb Vasc Biol. 2014;34(6):1298–306.
7. Huang Y, Li W, Dong L, Li R, Wu Y. Effect of statin therapy on the progression
of common carotid artery intima-media thickness: an updated systematic
review and meta-analysis of randomized controlled trials. J Atheroscler
Thromb. 2013;20(1):108–21.
8. Oyama J, Murohara T, Kitakaze M, Ishizu T, Sato Y, Kitagawa K, Kamiya H,
Ajioka M, Ishihara M, Dai K, et al. The Effect of Sitagliptin on Carotid Artery
Atherosclerosis in Type 2 Diabetes: The PROLOGUE Randomized Controlled
Trial. PLoS Med. 2016;13(6):e1002051.
9. Ishigaki Y, Kono S, Katagiri H, Oka Y, Oikawa S. investigators N. Elevation of
HDL-C in response to statin treatment is involved in the regression of carotid
atherosclerosis. J Atheroscler Thromb. 2014;21(10):1055–65.
10. Gaarder M, Seierstad T. Measurements of carotid intima media thickness in
non-invasive high-frequency ultrasound images: the effect of dynamic range
setting. Cardiovasc Ultrasound. 2015;13:5.
11. Qu B, Qu T. Causes of changes in carotid intima-media thickness: a literature
review. Cardiovasc Ultrasound. 2015;13:46.
12. Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, Csiba
L, Desvarieux M, Ebrahim S, Hernandez Hernandez R, et al. Mannheim carotid
intima-media thickness and plaque consensus (2004-2006-2011). An update on
behalf of the advisory board of the 3rd, 4th and 5th watching the risk
symposia, at the 13th, 15th and 20th European Stroke Conferences,
Mannheim, Germany, 2004, Brussels, Belgium, 2006, and Hamburg,
Germany, 2011. Cerebrovasc Dis. 2004;34(4):290–6.
13. Nichols WW, O'Rourke MF, Vlachopoulos C. McDonald's blood flow in arteries :
theoretic, experimental, and clinical principles. 6th ed. London: Hodder
Arnold; 2011.
14. Liang YL, Shiel LM, Teede H, Kotsopoulos D, McNeil J, Cameron JD, McGrath
BP. Effects of Blood Pressure, Smoking, and Their Interaction on Carotid
Artery Structure and Function. Hypertension. 2001;37(1):6–11.
15. Engelen L, Bossuyt J, Ferreira I, van Bortel LM, Reesink KD, Segers P, Stehouwer
CD, Laurent S, Boutouyrie P. Reference values for local arterial stiffness. Part A. J
Hypertens. 2015;33(10):1981–96.
16. Truijman MT, Kooi ME, van Dijk AC, de Rotte AA, van der Kolk AG, Liem MI,
Schreuder FH, Boersma E, Mess WH, van Oostenbrugge RJ, et al. Plaque At
RISK (PARISK): prospective multicenter study to improve diagnosis of high-
risk carotid plaques. Int J Stroke. 2014;9(6):747–54.
17 Steinbuch J, Hoeks AP, Hermeling E, Truijman MT, Schreuder FH, Mess WH.
Standard B-Mode Ultrasound Measures Local Carotid Artery Characteristics
as Reliably as Radiofrequency Phase Tracking in Symptomatic Carotid Artery
Patients. Ultrasound Med Biol. 2016;42(2):586–95.
18 European Carotid Surgery Trialists’ Collaborative G. Randomised trial of
endarterectomy for recently symptomatic carotid stenosis: final results of the
MRC European Carotid Surgery Trial (ECST). Lancet. 1998;351(9113):1379–87.
19 Gijsen FJ, Palmen DE, van der Beek MH, van de Vosse FN, van Dongen ME,
Janssen JD. Analysis of the axial flow field in stenosed carotid artery bifurcation
models–LDA experiments. J Biomech. 1996;29(11):1483–9.
20 Ahmed SA, Giddens DP. Flow disturbance measurements through a constricted
tube at moderate Reynolds numbers. J Biomech. 1983;16(12):955–63.
21 Engelen L, Ferreira I, Stehouwer CD, Boutouyrie P, Laurent S. Reference Values
for Arterial Measurements C. Reference intervals for common carotid intima-
media thickness measured with echotracking: relation with risk factors. Eur
Heart J. 2013;34(30):2368–80.
22 Johnsen SH, Mathiesen EB, Joakimsen O, Stensland E, Wilsgaard T, Lochen
ML, Njolstad I, Arnesen E. Carotid atherosclerosis is a stronger predictor of
myocardial infarction in women than in men: a 6-year follow-up study of
6226 persons: the Tromso Study. Stroke. 2007;38(11):2873–80.
23 Scuteri A, Najjar SS, Orru M, Albai G, Strait J, Tarasov KV, Piras MG, Cao A,
Schlessinger D, Uda M, et al. Age- and gender-specific awareness, treatment,
and control of cardiovascular risk factors and subclinical vascular lesions in a
founder population: the SardiNIA Study. Nutr Metab Cardiovasc Dis. 2009;19(8):
532–41.
24 Al-Shali K, House AA, Hanley AJ, Khan HM, Harris SB, Mamakeesick M,
Zinman B, Fenster A, Spence JD, Hegele RA. Differences between carotid
wall morphological phenotypes measured by ultrasound in one, two and
three dimensions. Atherosclerosis. 2005;178(2):319–25.
25 Fox CS, Polak JF, Chazaro I, Cupples A, Wolf PA, D'Agostino RA, O'Donnell
CJ. Genetic and Environmental Contributions to Atherosclerosis Phenotypes
in Men and Women: Heritability of Carotid Intima-Media Thickness in the
Framingham Heart Study. Stroke. 2003;34(2):397–401.
26 Juo SH, Lin HF, Rundek T, Sabala EA, Boden-Albala B, Park N, Lan MY, Sacco
RL. Genetic and environmental contributions to carotid intima-media thickness
and obesity phenotypes in the Northern Manhattan Family Study. Stroke. 2004;
35(10):2243–7.
27 Moskau S, Golla A, Grothe C, Boes M, Pohl C, Klockgether T. Heritability of carotid
artery atherosclerotic lesions: an ultrasound study in 154 families. Stroke. 2005;
36(1):5–8.
28 Pollex RL, Hegele R. Genetic determinants of carotid ultrasound traits. Curr
Atheroscler Rep. 2006;8(3):206–15.
29 Al-Shali KZ, House AA, Hanley AJ, Khan HM, Harris SB, Zinman B, Mamakeesick
M, Fenster A, Spence JD, Hegele RA. Genetic variation in PPARG encoding
peroxisome proliferator-activated receptor gamma associated with carotid
atherosclerosis. Stroke. 2004;35(9):2036–40.
30 Salonen JT, Salonen R. Ultrasound B-mode imaging in observational studies
of atherosclerotic progression. Circulation. 1993;87(3 Suppl):II56–65.
31 Spence JD. Technology Insight: ultrasound measurement of carotid plaque–
patient management, genetic research, and therapy evaluation. Nat Clin Pract
Neurol. 2006;2(11):611–9.
32 Finn AV, Kolodgie FD, Virmani R. Correlation between carotid intimal/medial
thickness and atherosclerosis: a point of view from pathology. Arterioscler
Thromb Vasc Biol. 2010;30(2):177–81.
33 Spence JD, Hegele RA. Noninvasive phenotypes of atherosclerosis: similar
windows but different views. Stroke. 2004;35(3):649–53.
34 Hegele RA, Al-Shali K, Khan HMR, Hanley AJG, Harris SB, Mamakeesick M,
Zinman B, Fenster A, Spence JD, House AA. Carotid Ultrasound in One, Two
and Three Dimensions. Vasc Dis Prev. 2005;2(1):87–91.
35 Spence JD. The importance of distinguishing between diffuse carotid intima-
media thickening and focal plaque. Can J Cardiol. 2008;24:61C–4C.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Steinbuch et al. Cardiovascular Ultrasound  (2017) 15:9 Page 8 of 8
